Background. Human immunodeficiency virus (HIV) patients who experience poor CD4 T-cell recovery despite viral suppression during antiretroviral therapy (ART) are known as immunological nonresponders. The molecular mechanism(s) underlying incomplete immune restoration during ART is not fully understood.
jects with optimal immune restoration, immunological responders (Rs), acquire life expectancies close to healthy individuals [4] . In approximately 15%-25% of patients receiving ART, CD4 + T-cell recovery remains suppressed for years and may ultimately fail to reach normal levels despite sustained and prolonged viral suppression [5] [6] [7] . These subjects are referred to as immunological nonresponders (NRs). Both older age and lower CD4 nadir are risk factors for poor CD4 recovery during ART. It is important to note that persons who experience NR are at increased risk for morbidities and mortality [8, 9] . Several immune perturbations have been associated with NR including increased frequencies of activated T cells (defined by CD38 and human leukocyte antigen-antigen D-related coexpression), increased frequencies of proliferating CD4 + T cells (defined by Ki-67 expression), and depletion of both CD4 and CD8 naive T cells [10] [11] [12] . Immunological nonresponder subjects also tend to have elevated soluble CD14 in plasma and elevated type I interferon (IFN) gene signatures, indicative of innate immune activation [13, 14] .
To investigate the specific connections between NR and T-cell functional states, we have examined the proteomic profile of memory T cells enriched for CD62L + cells (central memory cells). Central memory T cells are capable of homing to lymph nodes, activating dendritic cells, and producing interleukin-2 [15] . Central memory CD4 + T cells display substantial perturbations in untreated HIV infection in humans and in simian immunodeficiency virus-infected monkeys that have been associated with disease progression [16] [17] [18] . Moreover, recent studies in treated HIV-infected patients suggest that central memory CD4 + T cells may also be important in immune reconstitution.
In particular, analyses of T-cell subsets in treated HIV-infected patients indicated that central memory T-cell counts were the only parameter that was significantly linked to CD4 cell gains and total CD4 cell counts after ART administration and that central memory cell counts are higher in subjects who normalize CD4 counts after ART [19] .
In the present study, we used label-free liquid chromatography-tandem mass spectrometry (LC-MS/MS) followed by protein pathway and network analyses to understand central memory T-cell proteome dysregulations associated with ART and NR. Novel features of the study include interrogation of the functional deficits of purified immune cell type in HIV patients highly relevant to the NR phenotype. In addition, direct proteome analyses have advantages in that protein abundance represents a snapshot of the functional cellular machinery whose levels are quite sensitive to metabolic, motility, and stress-induced cellular changes. The data provide evidence of immune perturbations in cells from NR subjects.
METHODS

Study Subjects
Using University Hospitals of Cleveland Institutional Review Board approved protocols and written consent, blood samples were obtained from healthy controls ([Cs] n = 11), HIV-infected responders ([Rs] n = 8), and HIV-infected nonresponders ([NRs] n = 9). Patients who initiated ART with CD4 cell counts <250 cells/µL and who either achieved CD4 recovery >450 cells/ µL (R) or who failed to recover CD4 cell counts above 350 cells/ µL (NR) were recruited into the study. All HIV-positive (HIV  + ) subjects had achieved and sustained durable viral suppression (undetectable HIV ribonucleic acid [RNA] in plasma) for at least 2 years leading up to the study (Table 1) . Subjects recruited for the study were similar in age and had similar CD4 + T-cell nadirs (Table 1) . Overall, coinfections and various other clinical indices were similar between R and NR subjects with the possible exception of the number of subjects who had experienced a previous acquired immune deficiency syndrome-defining illnesses, which was more frequent among NR subjects (4 of 9 subjects) compared with R subjects (1 of 8 subjects; Supplementary Table 1 ). There were no marked differences in the racial representation, gender, or ART regimens between the subject groups (data not shown 
Analyses of Spontaneous T-Cell Apoptosis
Peripheral blood mononuclear cells were cultured in media (RPMI containing 10% fetal bovine serum, 1% L-glutamine, 1% penicillin-streptomycin, and 1% HEPES) overnight. The Immune cell subsets were homogenized, detergents were removed, and enzymatic digestion was performed as previously published [20] . Tryptic-digested peptides (125 ng) were analyzed by LC-MS/MS using a LTQ-Orbitrap Velos mass spectrometer (Thermo Scientific, Carlsbad, CA) equipped with a nanoAcquity Ultra-high pressure liquid chromatography system (Waters, Milford, MA). Separation and detection of peptides were performed as previously described [21] . Liquid chromatography-tandem mass spectrometry raw data were acquired using the Xcalibur (2.2 SP1; Thermo Scientific).
Data Processing for Protein Identification and Quantification
The LC-MS/MS raw files were imported into Rosetta Elucidator (3.3.0.1.SP.25; Rosetta) and processed as previously described [21, 22] . The aligned and normalized peaks were annotated at the feature level by generating database search files (*.dta). Files were searched by Mascot (version 2.3.01) against the human International Protein Index (86 392 sequences) database using the following search parameters: trypsin enzyme specificity; mass accuracy window for precursor ion, 10 ppm; mass accuracy window for fragment ions, 0.8 Da; carbamidomethylation of cysteines as fixed modifications; oxidation of methionine as variable modification; and 1 missed cleavage.
Statistical Analysis
Automated differential quantification of peptides was accomplished with Rosetta Elucidator as previously described [23] . Statistical analyses of peptide intensity differences between the 3 groups were carried out using a one-way analysis of variance (ANOVA) test. Peptides with expectation value of P ≤ .05 were considered significant using SAS version 9.2 (SAS Institute Inc., Cary, NC) and R2.15.1. For each peptide, the median intensity for all samples within a group was calculated, and the foldchange was calculated using these median intensity values for the 3 possible pairwise group-based comparisons. Proteins that had ≥2 peptides with P ≤ .05 and fold changes of ±1.5 or more were considered significant.
Ingenuity Pathway Analyses
Proteins meeting the above cutoff criteria ( Supplementary Figure 1 ) and their corresponding fold changes were imported into Ingenuity Pathway Analysis ([IPA] Ingenuity Systems). A righttailed Fisher's exact test was used to calculate the P value of the probability that the connection between the imported proteins and the canonical pathways was due to chance alone. Molecular networks were generated using existing protein interaction databases and literature. 
Cross-Talker Pathway and Network Analysis
Differentially regulated protein sets (Supplementary Figure 1) were also integrated, analyzed, and visualized by the Crosstalker software (NeoProteomics, Inc., Cleveland, OH) [24, 25] . Enrichment analysis is performed using Fisher's exact test to determine overrepresentation of pathway gene sets among the topologically related proteins. BioGRID [26] was selected as the protein-protein interaction network. A set of pathways created from data supplied by Pathway Commons [27] was used for pathway enrichment analysis.
Validation of Selected Targets by Selected Reaction Monitoring Mass Spectrometry
Validation of selected proteins was performed using selected reaction monitoring (SRM) MS as previously described [21] .
Sixteen CD4
+ T-cell digest samples were used for this SRM verification (8 Cs, 4 Rs, and 4 NRs). One representative peptide for selected protein was chosen with no missed cleavages or modifications and with clear intense y-ion fragments (Supplementary Tables 2). The abundance of each peptide was calculated based on the peak area intensity. Normalization of peak areas for the SRM transition of the target peptide to the internal standard performed allowed for accurate quantitation.
RESULTS
Immune Perturbations in Central Memory T Cells From Nonresponders
To assess immune activation among central memory T Label-free proteomic analysis was performed using purified memory CD4 + T cells enriched for CD62L + central memory subset (Figure 2A ). Protein sample preparation, identification, and relative quantification strategies for proteomic analyses are illustrated in Figure 2B . Our approach provided coverage of over 6800 quantified peptides mapping to 1500 nonredundant proteins across groups. Of those, 804 peptides (mapping to 425 proteins) were significant at P ≤ .05 in the multigroup ANOVA comparison. Filtering these 425 proteins again with a fold change of ±1.5 or more and 2 or more peptides per protein revealed 279 proteins (Supplementary Table 3 ) where 155 unique proteins were significantly changing across at least 1 group (Supplementary Figure 1 and Figure 2C ). Almost all of the significant proteins (153) were associated with the NR versus R (NR/R) group comparison, whereas 99 proteins were associated with the NR versus C (NR/C) group. Furthermore, the NR/R and NR/C groups had overlaps in 97 of the significantly changing proteins, suggesting high similarity in the T-cell proteome changes specific to the NR group. In contrast, the R versus C (R/C) group comparison only identified 27 significantly changing proteins, suggesting the functional similarity among T cells of the R and C groups.
Pathway and Network Analysis
Cell Motility, Cell Stress, and Mammalian Target of Rapamycin Signaling Pathways Are Altered in T Cells From Nonresponder Subjects
The significant proteins (270 NR/R, 304 NR/C, and 133 R/C) were analyzed using IPA. The top 6 most significant dysregulated canonical pathways and their associated P values for the 3-pairwise group comparisons are shown in Table 2 . It is notable that the eukaryotic initiation factor 2 (eIF2) signaling pathway and the mammalian target of rapamycin (mTOR) signaling pathway were significantly dysregulated in the NR/R and NR/C group comparisons but not significant for the R/C group. Proteins related to the translational machinery (eg, ribosomal proteins) in the case of the eIF2 annotation dominated these enrichments, whereas actin-related proteins (eg, RhoA) were frequently observed for the mTOR pathway annotation and the observed actin-related pathway annotations. Network analysis identified protein changes across linked pathways. Supplemental Figure 2 Figure 2B) illustrates up-regulation of proteins such S100A8/9 and IFI16 positing connections between oxidative stress or inflammation and IFN-related signaling. In addition, the third network (Supplementary Figure 2C) indicated molecular interactions of altered proteins from the top 3 dysregulated signaling pathways: actin cytoskeleton signaling pathway (including GSN), eIF2 signaling pathway (including EIF4B), and mTOR signaling pathway (including phosphatidylinositol 3-kinase [PI3K] complex).
To provide a comparison to the results revealed using the proprietary databases of Ingenuity and to assess the topological relatedness of the dysregulated proteins, networks were computed by analyzing each of the 3 groups with Crosstalker [24, 25] . Crosstalker assesses the topological connections between input molecular data (seeds) with reference to a known protein-protein interaction network, in this case from BioGrid, returning only those proteins that have a demonstrated "closeness" (as reflected by the Crosstalk score) in the network as scored by page-rank types of statistical measures. An exhaustive random walk of the network is used to compute Crosstalk scores. Genes or proteins lacking significant Crosstalk are discarded to permit visualization of dysregulated "modules" or networks of proteins at the core of the cellular processes of interest. Novel nodes are added to the networks if their Crosstalk scores are ranked highly. These networks and their component proteins can also be assessed for pathway enrichment-in this case using a Pathway Commons framework-and the pathway and network elements can be simultaneously visualized. Figure 3 shows the most significant Crosstalker network's nodes, their connections, their significantly annotated pathway enrichments, and the fold changes on the nodes for NR/C and NR/R. For the NR/C and NR/R comparisons, the illustrated network is significantly enriched and annotated for translation (green) and cellular responses to stress ( purple) and metabolism of RNA (brown) pathways, whereas the R/C group did not show enrichment for these pathways (Supplementary Tables 4). The translation pathway annotations are seen associated with multiple ribosomal proteins and several eukaryotic initiation factors ( Figure 3A and B, green) . Because the Pathway Commons pathway of translation has significant overlap in its annotated proteins with the eIF2 and mTOR pathways of Ingenuity, overall, these results are consistent with those from IPA.
Cellular stress annotations, one of the top 3 significant pathway annotations for the NR/C and NR/R Crosstalker networks, shows MDM2 ( Figure 3A and B) and MOV10 ( Figure 3B ) as important hub connections recruited by the Crosstalk analysis. MDM2 is connected to the seed proteins superoxide dismutase (SOD1), prolyl 4 hydroxylase (P4HB), and peroxiredoxin 2 and 6 (PRDX2 and PRDX6), and MOV10 is connected to ribosomal seed proteins RPS10 and RPS13. MDM2, a ubiquitin 3 ligase that regulates p53 [28] , and MOV10, a translation regulator . Statistical analysis on the normalized data was performed using analysis of variance (ANOVA) model (P ≤ .05) and was visualized using boxplots. The right panel illustrates box-and-whisker plots of the abundance of each peptide via targeted SRM analysis. Statistical analysis on the SRM data was performed using one-way ANOVA, and it is represented by red box for NRs (n = 4), blue box for R (n = 4), and green box for C (n = 8) subjects. *P ≤ .05 and **P ≤ .01 by 2-tailed Student's t test. associated with translation [29] , provide interesting functional links to the translation pathway mediated by connections to specific ribosomal proteins and initiation factors. Pathways of integrin signaling and cell surface interactions showed enrichment across all 3 groups, whereas apoptosis was seen in 2 of 3 groups, and the citric acid cycle and the respiratory machinery were significant for NR/R.
Altered Expression of Enzymes Regulating Oxidative Stress in T Cells From Nonresponder Subjects
The prominent cell stress pathway signatures in the NR group seen in the Crosstalk analyses led us to assess the expression of specific proteins known to modulate cell stress. In particular, we observed changes in enzymes that modulate oxidative stress in cells from NR subjects (Supplementary Table 5 ), including decreased expression of SOD1 and PRDXs for NR subjects. Although these perturbations do not directly indicate whether oxidative stress is a cause or effect of nonresponse, the altered enzyme expression patterns suggest that cells from NR subjects may have an altered potential to modulate this cellular stress mechanism.
Validation of Selected Targets by Selected Reaction Monitoring
Our label-free analysis and pathway and network analysis highlighted 5 significantly altered proteins (namely, S100A8, S100A9, GSN, HSPA9, and IFI16) that were selected for validation via SRM quantitative analysis [30] . Selected reaction monitoring allows for selective and quantitative measurements of target peptides by measuring a unique transition of ions from the precursor m/z to their specific fragment ions. Target peptides sequences and transitions were verified by comparing SRM-MS data to synthesized peptides. The targeted SRM analysis for these 5 peptides confirmed the statistically significant alterations in protein expression observed via label-free analysis across groups (Figure 4A-D) . It is interesting to note that our label-free proteomic analyses also identified increased expression of Ki-67 protein among the memory CD4 + T cells from NR subjects (data not shown), consistent with our flow cytometric analyses of Ki-67 expression (Figure 1 ).
DISCUSSION
These studies reveal consistent and coordinated protein abundance changes in memory CD4 + T cells, which suggest the possibility for dysregulation of several cell signaling pathways and biological processes that may contribute to persistent functional immunologic deficiencies accompanying HIV treatment. We have identified translation and cell stress pathways (annotated by Pathway Commons) and eIF2-alpha, mTOR, and actin cytoskeleton pathways (annotated by Ingenuity) as being consistently dysregulated in the context of poor CD4 recovery during ART. Mammalian target of rapamycin, a member of the PI3K canonical pathway, is a central regulator of cell growth, proliferation, cytoskeletal reorganization, and apoptosis [31] [32] [33] [34] . The pathway annotations and network frameworks reveal dysregulations related to multiple mTOR functions including alterations in stress proteins, ribosomal proteins, and initiation factors. Alterations in the mTOR pathway have been previously linked to the dysregulated apoptosis of CD4 + T cells and impaired innate immune response in HIV infection [35] ; thus, these additional associations are consistent with overall mTOR functional alteration. The actin cytoskeleton changes in patients treated for HIV, which were confirmed by the verification of GSN-related changes, may also be important in cell function. The actin cytoskeleton has been shown to have several crucial roles essential for T-cell function and survival, including migration, signaling, and proliferation [36] [37] [38] , and also plays a role in immune and inflammatory responses [39, 40] .
Consistent with previous studies of messenger RNA expression in T cells, we found that NR was associated with increased expression of IFI16 in our proteomic analyses [13] . IFI16 is an IFN-inducible gene that plays a role in inflammasome activation and pyroptosis that may result from HIV abortive infection [41] [42] [43] . IFI16 expression has been correlated with immune activation in CD4 central T-memory T cells in HIV subjects [44] . IFI16 expression can be triggered by various stimuli including IFNs, oxidative stress, and proinflammatory cytokines [45, 46] . Our studies also identified abundance changes in S100A8 and S100A9 proteins in memory T cells from HIV NR subjects. S100s are calcium-and zinc-binding proteins that play a crucial role in cell survival, motility, differentiation, proliferation, and inflammatory response and antioxidant defenses [47, 48] .
Based on these data, we developed (see Figure 5 ) a working model illustrating potential network-based (eg, interpathway) connections that could mediate the physiological effects relevant to attenuated T-cell levels in NR. Mammalian target of rapamycin dysregulations can mediate changes in the ribosome machinery through p70, whereas p27 can modulate cell motility and migration through RhoA [49] . The actin-binding protein GSN is regulated by RhoA and Rac and can accelerate actin motility by initiating cleavage events, inducing actin growth and or branching, thereby enhancing cell migration [50, 51] . Crosspathway feedback loops in NR may mediate increased inflammation [45, 46] (evidenced by increases in IFI16), and our working model proposes connections between inflammation and increases in RhoA and GSN in NR that drive actin mobilization and CD4 + cellular motility (Supplementary Figure 2A) .
Ultimately, increased metabolic demands along with exposure to inflammation and chronic immune activation result in cellular stresses. Based on our observations that expression of proteins involved in controlling cell stress (eg, enzymes that regulate oxidative stress and heat shock proteins that can alleviate ER stress) are altered in NR, we speculate that the capacity of T cells to compensate for cellular stresses may be decreased in NR, thereby potentially contributing to poor CD4 recovery. Although our observations support this model, an important limitation is that we cannot discern protein expression changes that are a cause or, alternatively, a consequence of poor CD4 reconstitution. Additional longitudinal approaches to explore the role of these pathways in CD4 recovery will be important for confirming these mechanisms.
CONCLUSIONS
Overall, we provide a unique approach to identification of protein perturbations in primary T cells from HIV-infected persons who experience poor CD4 recovery during ART. Our studies defined perturbations in cell cycling and apoptosis in memory T cells and corresponding alterations in protein machinery involved in eIF2-α, mTOR, and actin signaling. These studies provide strong rationale for more targeted, detailed analyses of these pathways to understand the underlying mechanisms of poor CD4 recovery during ART administration.
